The eukaryotic translation initiation factor 4E (eIF4E) interacts with the mRNA 5 cap structure (m 7 GpppX) and is essential for the appropriate translation of the vast majority of eukaryotic mRNAs. Most studies of the yeast Saccharomyces cerevisiae CDC33 gene product, eIF4E, have been carried out with logarithmically growing cells, and little is known about its role in starved, nonproliferating cells that enter the stationary phase (SP). It has previously been found that the rate of translation in SP cells is more than 2 orders of magnitude lower than it is in dividing yeast cells. Here we show that this low rate of translation is essential for maintaining the viability of starved yeast cells that enter SP. Specifically, starved cells whose eIF4A is inactive or treated with cycloheximide rapidly lose viability. Moreover, after heat inactivation of the cdc33 temperature-sensitive product, the synthesis of most proteins is abolished and only a small group of proteins is still produced. Unexpectedly, starved cdc33 mutant cells whose eIF4E is inactive and which therefore fail to synthesize the bulk of their proteins remain viable for long periods of time, indistinguishable from their isogenic wild-type counterparts. Taken together, our results indicate that eIF4E-independent translation is necessary and sufficient for survival of yeast cells during long periods of starvation.
Regulation of translation initiation is a key process in gene expression in eukaryotes. Much is known about the complex pathway of the initiation process in vivo through the numerous studies that have used growing cells as model systems (reviewed in references 16 and 19) . It is well established that in growing cells the cap structure, located at the 5Ј end of the eukaryotic mRNA, plays a pivotal role in recruiting the ribosome to the mRNA. The cap-dependent recruitment of the translation initiation apparatus near the 5Ј end of the mRNA is followed by a scanning process until the first initiation codon is met and the translation process begins (16, 19) . The initial recognition of the cap structure is carried out by the eukaryotic translation initiation factor 4F (eIF4F) complex, composed of (i) eIF4E, which physically interacts with the cap structure (8, 18) and which in Saccharomyces cerevisiae is encoded by a single gene, CDC33 (1, 7) ; (ii) eIF4G, which serves as a scaffold protein that binds several initiation factors as well as the mRNA (15) ; and (iii) eIF4A, which, in conjunction with eIF4B, catalyzes the ATP-dependent melting of the RNA secondary structure (24) . Inactivation of either component of the eIF4F complex in yeast leads to inhibition of cap-dependent translation (19) . Although cap-dependent translation is the major mechanism of translation initiation, other mechanisms have also been documented. The most studied cap-independent mechanism is internal ribosome entry sequence (IRES)-mediated translation (reviewed in references 6 and 26) .
The yeast S. cerevisiae is one of the popular model systems for studying gene expression in eukaryotes. The advanced genetics and molecular biology of the yeast system have been used to discover many novel factors that play a role in gene expression and its complex regulation in dividing cells (e.g., see reference 19) . In the past several years, findings that suggest that, during the stationary phase (SP) of the yeast growth cycle, regulation of gene expression is different from that studied in dividing cells have been gradually and slowly accumulating. Thus, in nondividing cells expression of most genes is repressed both at the transcriptional (9) and the translational (13) level. Nevertheless, expression of a small group of genes is maintained (13) . Expression of these genes during SP is probably controlled differently than that prevailing in dividing cells. As SP in yeast is considered to be analogous to the G 0 state in higher eukaryotic cells (reference 30 and references therein), understanding gene expression in starved nondividing yeast may serve as a model for studying gene expression during the G 0 state.
In mammals, starvation can lead to a partial inactivation of eIF4E by either affecting its phosphorylation status or increasing its association with eIF4E-binding proteins (29) . Nevertheless, the consequence of eIF4E repression on the regulation of translation is not fully understood. Recently, the TOR-mediated signal transduction pathway has been implicated in signaling the status of nutrient availability in yeast by controlling cap-dependent translation. Inhibition of the two yeast TORs, TOR1 and TOR2, by rapamycin results in a global inhibition of cap-dependent translation (4) . Interestingly, rapamycin treatment of logarithmically growing cells leads to the acquisition of many parameters characteristic of SP (4) , suggesting that the TOR-mediated repression of cap-dependent translation is naturally associated with, or even signals, the entry into SP. Moreover, we have recently found that starved, but not dividing, yeast cells have the capacity to identify IRESs and to carry out translation independently of the 5Ј end of the mRNA. This finding raises the possibility that cap-independent translation plays an important role in gene expression during SP. Taken together, these observations provoked us to examine the role of eIF4E in regulating translation during SP.
Here we show that, in SP, eIF4E-dependent translation is responsible for most of the synthetic activity in SP. Yet, the synthesis of a protein(s) that is essential for coping with longterm starvation periods seems to be mediated by eIF4E-independent translation.
MATERIALS AND METHODS
Yeast strains and media. CWO4 (MAT␣ ura3-1 ade2-1 his3-11,15 trp1-1 leu2-3,11) (3) was used as the wild type in all experiments. cdc33-42 and tif1-1 mutants are temperature-sensitive derivatives of CWO4 and are described in reference 11. Cells were grown on a synthetic complete medium lacking the appropriate amino acids or in YPD medium (2% Bacto Peptone, 1% yeast extract [Difco Laboratories], 2% dextrose) at 25°C (28) . Growth in liquid medium was as described previously (20) . The beginning of SP was defined as the point during the growth cycle when the number of cells no longer increased. After entry into SP, cultures were further shaken or rotated in a roller drum for the time periods indicated in the figures.
Cell viability assay. Cell viability was determined by plating a known number of cells on rich medium (YPD) plates and counting the number of colonies produced after at least 1 week of incubation at 25°C, as was described previously (27) .
Incorporation kinetics. Cells were grown on a synthetic medium lacking methionine at the temperatures indicated in the figures. Cells were collected by centrifugation and resuspended in the supernatant to a final concentration of 1 ϫ 10 8 to 1.5 ϫ 10 8 cells/ml. An aliquot of 50 l (2 ϫ 10 5 cells) was taken and equilibrated for 10 min at the temperatures indicated in Fig. 3 .
35 S Trans-Label (Amersham) was then added to a final concentration of 430 Ci/ml. Samples (2 l) were withdrawn at the time points indicated in the figures and spotted onto a dry 3MM paper which had been soaked in 10 mM EDTA and then air dried. After all samples were collected, the 3MM paper was subjected to trichloroacetic acid precipitation as described previously (23) .
Protein extraction and Western blot (immunoblot) analysis. Proteins were extracted as described previously (10, 27) . Equal volumes of protein samples (100 g) were subjected to electrophoresis in 5-to-15% gradient polyacrylamide gels (1.5 mm by 16 cm by 20 cm). Western analysis was done as described previously (10, 27) . Anti-eIF4E antibodies (9B12 monoclonal antibody) were a generous gift of N. Sonenberg and used at a 1:10 dilution.
RESULTS
Previously, Werner-Washburne and her colleagues found that, following the shift from logarithmic growth phase to the SP, the overall rate of translation in yeast cells decreases substantially. It gradually decreases even further as cells progress into later stages of the SP, and it is then more than 2 orders of magnitude lower than it was during the logarithmic growth phase (13) .
There were two possible explanations for this decrease in translation: the relatively low levels of transcripts or another mechanism of translational repression. Using a polysomal fractionation technique, we found that, in SP, most of the poly(A)-containing mRNAs are not associated with ribosomes (results not shown), indicating that the level of the global mRNA is not a limiting factor. This observation suggests that, in SP, the translational initiation of the bulk mRNA is repressed.
Since eIF4E is a key factor that regulates translation initiation, we monitored its level throughout growth to SP. Figure  1A shows that the level of eIF4E in SP cells was significantly lower than it was in logarithmically growing cells. Nevertheless, this decrease (two-to fourfold) is smaller than the apparent repression of the overall translation, suggesting that eIF4E is not a limiting factor for translation during SP. However, it is still possible that eIF4E activity was repressed by means other than by controlling its steady-state level, such as by interacting with a repressor or by modifying posttranslational processes (reviewed in reference 19 ). An extreme case of repression would be such that eIF4E activity is completely blocked so that this factor does not play an active role in translation. To determine unambiguously whether or not eIF4E is still required for translation during SP, a temperature-sensitive allele of eIF4E, cdc33-42 (2), was employed. Unlike other known temperature-sensitive alleles of CDC33, cdc33-42 is already inactivated at 32°C (an almost optimal temperature for yeast growth) (5) . We chose this allele for our experiments to minimize uncertainties that might have arisen due to the exposure of cells to high temperatures. Note that, in order to make sure that heat inactivation did occur, we used 34°C as our nonpermissive temperature, a still slightly stressful temperature. Monitoring of the steady-state level of the cdc33-42 product at the permissive temperature (25°C) by Western analysis revealed that during the logarithmic phase it was comparable to that of wild-type eIF4E but that during SP it was substantially lower than that of the wild type (Fig. 1B) . Quantitation based on data shown in Fig. 1C indicates that, by 9 days in SP, the level of the cdc33-42 product was 280-fold lower than it was during logarithmic growth. The low level of the mutant form of eIF4E was probably due to its being recognized by some SP-active degradation machinery as a defective protein even at the permissive temperature. This likely degradation is not common in SP (see Discussion).
To ascertain that the cdc33-42 product became inactive when SP cells were exposed to the nonpermissive temperature (34°C), we took advantage of the observation that heat inactivation led to degradation of the cdc33-42 product (17). Indeed, the protein level decreased following exposure of growing cells to the nonpermissive temperature (Fig. 2, left panel) , which is consistent with previous observations (17) . When cells in SP were exposed to the nonpermissive temperature, the cdc33-42 product level, which was lower than that of the wild type, decreased even further (Fig. 2, right side) , suggesting its inactivation.
To examine heat inactivation of the cdc33-42 product by a more direct and functional means, the incorporation kinetics of [
35 S]methionine was determined. Figure 3A shows that, following exposure of logarithmically growing cdc33-42 cells to the nonpermissive temperature, the incorporation kinetics markedly decreased. These results are in accord with previously published results (2, 5). As expected (13), the incorporation kinetics in SP cells was markedly lower than it was in logarithmically growing cells and the kinetics were similar in the two starved strains (Fig. 3B) . However, unlike the detectable translational capacity of both strains at the permissive temperature, at the nonpermissive temperature, protein synthesis in the mutant cells was undetectable by the means and conditions that we used. These results demonstrate that the cdc33-42 product became inactive both in logarithmically growing cells and in SP cells and indicate that eIF4E is required for the bulk of protein synthesis during SP.
Is eIF4E required for the synthesis of all proteins? To determine whether some residual protein synthesis occurs in cdc33-42 cells at the nonpermissive temperature, we used a synthetic medium lacking methionine, instead of the methionine-containing medium (YPD) that was used in the experiments shown in Fig. 3A to D. Under these labeling conditions, a significant, albeit very low, level of incorporation was detected (Fig. 3E) . We then analyzed the proteins that were synthesized at 34°C by polyacrylamide gel electrophoresis and found that synthesis of the vast majority of the proteins was completely blocked upon heat inactivation of eIF4E. However, a small group of proteins were synthesized in the mutant cells (Fig. 3E, inset) . The results demonstrate that de novo synthesis of proteins was carried out in the starved cdc33-42 cells at the nonpermissive temperature.
Relative to the rate of protein synthesis in logarithmically growing cells, the rate of protein synthesis during SP is marginal (reference 13 and our unpublished results) (Fig. 3) and might not be important. We therefore wished to determine whether this residual translation activity is required for maintaining the viability of cells in SP. As most of the translational activity in SP is dependent on eIF4E (Fig. 3) , we used a cdc33-42 mutant protein to block the synthesis of the residual proteins. To this end, cdc33-42 cells and the isogenic wild-type counterparts were grown at 25°C to mid-log phase or the beginning of SP and then shifted to 34°C. Cell viability was then monitored by determining plating efficiency as a function of   FIG. 2 . The level of the cdc33-42 product declines when growing or starved nongrowing cells are exposed to 34°C. Wild-type (WT) cells and their isogenic cdc33-42 counterparts were grown in YPD at 25°C. At mid-logarithmic growth phase (1 ϫ 10 7 cells/ml), cell samples were taken and the rest of the culture continued to grow to SP. The log-phase samples were either incubated at 25°C or shifted to 34°C. Four hours later, equal numbers of cells were harvested and their proteins were extracted. One day after cells had entered SP, the procedure was repeated. Samples (100 g) were analyzed by Western analysis as described in the legend to Fig. 1 . Equal loadings were verified as described for Fig. 1 (Fig. 4A) .
Surprisingly, when a temperature shift up was executed after cells had entered SP, the death curve of the mutant cells was identical to that of the wild-type cells (Fig. 4B) . Importantly, the lack of effect of eIF4E inactivation on viability during SP is not dependent on the genetic background and is not allele specific (see the legend to Fig. 4) .
To determine whether protein synthesis is required for maintaining viability in SP cells, translation elongation was blocked by the addition of cycloheximide. Results clearly indicate that protein synthesis is an essential activity for maintaining viability not only during log phase (Fig. 4A ) but also during SP (Fig. 4B) . The importance of the translation process for survival in SP was verified using tif1-1 cells, which express a temperature-sensitive mutant form of eIF4A, another subunit of eIF4F that is essential for both cap-dependent and capindependent translation (22) . After shifting either growing (Fig. 4C) or stationary (Fig. 4D) tif1-1 cells to the nonpermissive temperature, a relatively rapid death was observed. Rapid death of starved cells was also obtained when cells expressing a temperature-sensitive mutant form of the poly(A)-binding protein (Pab1p F364L ) (25) were examined at the nonpermissive temperature (results not shown). Figure 4 shows that protein synthesis is required for surviving long periods of starvation during SP but that the synthesis of proteins that are essential for viability in SP is carried out by an eIF4E-independent and eIF4A-dependent mechanism.
DISCUSSION
Dividing cells require a continuous synthesis of proteins, mainly for supplying building blocks to daughter cells, for growth in size, and for the control of the complex process of the cell division cycle. Naturally, quiescent cells that enter G 0 do not need to synthesize proteins for these purposes. Therefore, the global protein synthesis shutoff that occurs after cells enter SP has probably evolved, at least in part, to preserve precious energy that is required for synthesizing these proteins. Previously, we demonstrated that, in SP, transcription of most genes is actively repressed (9) . However, in spite of transcription repression, the mRNA level is not a limiting factor for protein synthesis during SP (see Results and below). Thus, we conclude that translation is also repressed. The detailed mechanism underlying the robust decline in protein synthesis remains to be determined.
Concomitantly with transcriptional and translational repression, yeast cells have evolved a mechanism to maintain constant mRNA and protein levels during SP by repressing mRNA degradation (14) and most likely by repressing protein degradation (13, 21) . Note, however, that not all mechanisms of protein degradation are repressed in SP. For example, here we show that the heat-inactive cdc33-42 product is degraded during SP. Nevertheless, it seems that yeast has evolved a simple strategy to cope with the energy limitations elicited by starvation by preserving energy on one hand and maintaining critical levels of stable macromolecules on the other hand.
A question that might have arisen, then, is whether or not de novo protein synthesis is essential for coping with starvation.
Experiments reported here clearly demonstrate that translation is required to sustain life during SP. Nevertheless, the bulk of this (low-level) translation can be blocked by inactivating eIF4E, with no detectable effect on the survival of the starved cells. Why, then, are starved yeast cells engaged in such a dispensable translation activity? Since protein synthesis in starved cells is extremely low (see the introduction), it is possible that the translation that is observed during SP is due to an incomplete repression of cap-dependent translation ("leaky translation"). Alternatively, it is possible that residual protein synthesis is important to cope with some natural conditions of starvation that cannot be mimicked in the test tube.
The long-term survival of starved cells whose cdc33-42 product is heat inactivated strongly suggests that proteins whose synthesis is dependent on eIF4E are not required for maintaining viability in SP. Hence, a protein(s) whose synthesis is essential to survive starvation is synthesized by eIF4E-independent translation. Alternatively, it is possible that heat inactivation was not complete so that the residual activity of eIF4E was sufficient to sustain long-term starvation. We regard this second possibility as unlikely for the following reasons. (i) Heat inactivation of eIF4E blocked translation in starved cells and rendered it almost undetectable. Polyacrylamide gel electrophoresis analysis demonstrated that synthesis of the vast majority of the proteins was completely blocked upon heat inactivation of eIF4E. Thus, heat inactivation of eIF4E was very efficient. Was it efficient enough? The answer to this question can be provided by comparing the translation rates in starved cdc33-42 cells at the nonpermissive temperature and in starved (C and D) , when half of each sample was rapidly shifted to 34°C while the other half was left at 25°C. Cell samples were shaken at the indicated temperatures for an additional 4 h, and then each sample was treated as follows. (A and B) Cells (5 ϫ 10 7 ) were collected by centrifugation, resuspended in 0.5 ml of the supernatant, and immediately incubated at either of the indicated temperatures. For determining incorporation kinetics, 50 l of a cell sample was taken, put in an Eppendorf tube, and incubated at the indicated temperatures for 5 min. Radioactive material was then added, and incorporation kinetics were determined as described in Materials and Methods. (C and D) Samples (50 l) of cells in SP were put in an Eppendorf tube and incubated for 5 min at the indicated temperatures and further treated as described for panels A and B. (E) Wild-type cells and their isogenic cdc33-42 counterparts were grown in synthetic complete medium lacking methionine to SP. One day after entering SP, the culture was shifted to 34°C and shaken for an additional 4 h. Samples (50 l) of cells were put in an Eppendorf tube and incubated for 5 min at 34°C and further treated as described for panels A and B, except that twice as much radioactive material was added. Note that, since the medium lacked methionine, the specific activity of the radioactive methionine was much higher than it was in the experiments whose results are shown in panels A to D. In the inset, wild-type cells and their isogenic cdc33-42 counterparts were grown in synthetic complete medium lacking methionine. Three days after cells entered SP, the culture was shifted to 34°C and shaken for an additional 16 h. Samples (500 l) of cells were labeled fortif1-1 cells at the nonpermissive (and, in this case, also lethal) temperature. We found that, when the two strains were incubated at the nonpermissive temperature, translation in the cdc33-42 mutant was substantially less efficient than that in the tif1-1 mutant (results not shown); yet, the cdc33-42 mutant remained viable at the nonpermissive temperature while the tif1-1 mutant died at the nonpermissive temperature. We therefore conclude that inefficient inhibition of translation was not the reason for the survival of the starved cdc33-42 cells. Rather, proteins whose synthesis is dependent on eIF4E are not required for viability in SP, whereas some of the proteins whose synthesis is dependent on eIF4A are required for viability in SP. (ii) Shortly after exposure of starved cells to the nonpermissive temperature, the mutant eIF4E became unstable and its level declined to an undetectable level (Fig. 2) . Thus, during the many days of incubation at the nonpermissive temperature and in the absence of de novo protein synthesis, eIF4E degradation is likely to proceed (almost) to completion.
The proteins whose synthesis is required to sustain viability in SP remain to be determined. Previous work demonstrated that a small group of proteins are being synthesized specifically in SP (13) . Some of them are heat shock protein chaperones FIG. 4 . During SP, eIF4A-mediated and cycloheximide-sensitive translation is essential for cell viability but inactivation of eIF4E has no effect on viability. Wild-type (WT) cells or the indicated isogenic mutant cells were grown in YPD at 25°C. In mid-logarithmic growth phase (1 ϫ 10 7 cells/ml) (A and C) or after cells had entered the SP (B and D), the culture was shifted to the nonpermissive temperature. Cultures used in the experiments whose results are shown in panels A and B were then divided, and cycloheximide (CHX) was added to the indicated samples. Viability was determined by plating efficiency and is expressed as the number of CFU per milliliter as a function of time at the nonpermissive temperature. Colonies were allowed to grow on YPD plates at 25°C for 7 days before being counted. Each experiment was done at least twice, with essentially identical results. The experiment whose results are shown in panel D was done four times with identical results. Note that, in addition to the experiments described for panel D, a viability test was performed with yet another cdc33 allele, cdc33-1, using a strain with a genetic background that is different than that of CWO4. When cdc33-1 cells in SP were shifted to the nonpermissive temperature, their death curve was similar to that of the isogenic wild type (results not shown). We also note that viability tests were done also at 25°C as controls for the viability tests described for panels B and D. In these experiments, both wild-type and mutant cells remained viable for at least 1 month (results not shown).
that are essential for survival during SP, and some are not heat shock proteins (13) . Ubi4p is a stress-induced protein that was found to be essential for viability in SP (12) . We have constructed a fusion of one repeat of the UBI4 gene (including its promoter) and the lacZ gene. Expression of this construct in cdc33-42 cells at the nonpermissive temperature demonstrated that, as previously published (7), UBI4 mRNA is translated independently of the cap structure (results not shown). Moreover, UBI4-lacZ expression was induced ϳ50-fold after the shift from logarithmic growth to SP (results not shown; see also reference 12). Ubi4p is therefore one of the proteins whose eIF4E-independent synthesis is necessary for survival of starved yeast cells. In addition, Ssa1p, a member of the HSP70 family of chaperones, was shown to be translated independently of the cap structure (5). However, the translation of two other members of the HSP70 family, Ssa2p and Ssa3p, whose synthesis is also induced upon entry into SP, was demonstrated to be carried out by a cap-dependent mechanism (5). In consideration of the results reported here, we propose that the cap-dependent synthesis of some SP-induced proteins (e.g., Ssa2p and Ssa3p) is required only during entry into SP but that later their continuous synthesis is dispensable for maintaining long-term viability in SP. Only the synthesis of a subset of SP-induced genes, those whose synthesis is cap independent, is required for long-term viability during SP.
The results presented in this paper suggest that there are proteins whose continuous synthesis is required to maintain viability during long periods of starvation in SP. The synthesis of these proteins is carried out by an eIF4E-independent and eIF4A-dependent mechanism. One likely eIF4E-independent and eIF4A-dependent mechanism is IRES-mediated translation. Indeed, we have shown previously that starved S. cerevisiae cells have the capacity to carry out IRES-mediated translation (20) . The eIF4E-independent mechanism(s) remains to be elucidated.
